Catalase (hydrogen peroxide:hydrogen-peroxide oxidoreductase, EC 1.11.1.6) occurs in almost all aerobically respiring organisms and in part serves to protect cells from the toxic effects of hydrogen peroxide. The subcellular location of liver catalase is restricted to the peroxisomes, and the enzyme is probably incorporated into these organelles during their biogenesis (1). The properties of catalase have been reviewed by numerous authors including Deisseroth and Dounce (2) and Schonbaum and Chance (3). The overall reaction catalyzed by the enzyme can be written as ROOH + HQOH = QO + ROH + H20, [1] where R is H or an alkyl or acyl group and HQOH is a twoelectron donor in which Q is 0, C=O, or H(CH2)nCH (n = 1, 2, or 3). This reaction proceeds by two steps: (i) oxidation ofthe enzyme (E) by a peroxide E-H20 + ROOH = E-O + ROH + H20, [2] apocatalase I and (ii) oxidation of the substrate E-O + HQOH = E-H20 + QO.
Catalase (hydrogen peroxide:hydrogen-peroxide oxidoreductase, EC 1.11.1.6) occurs in almost all aerobically respiring organisms and in part serves to protect cells from the toxic effects of hydrogen peroxide. The subcellular location of liver catalase is restricted to the peroxisomes, and the enzyme is probably incorporated into these organelles during their biogenesis (1) . The properties of catalase have been reviewed by numerous authors including Deisseroth and Dounce (2) and Schonbaum and Chance (3) . The overall reaction catalyzed by the enzyme can be written as ROOH + HQOH = QO + ROH + H20, [1] where R is H or an alkyl or acyl group and HQOH is a twoelectron donor in which Q is 0, C=O, or H(CH2)nCH (n = 1, 2, or 3). This reaction proceeds by two steps: (i) oxidation ofthe enzyme (E) by a peroxide E-H20 + ROOH = E-O + ROH + H20, [2] apocatalase I and (ii) oxidation of the substrate E-O + HQOH = E-H20 + QO. [3] Compound I possesses two oxidation equivalents above the native enzyme and contains a highly reactive oxygen bound to the iron (4) . Oxidation of the enzyme is probably achieved by raising the heme iron from an Fe(III) to an Fe(IV) state and by forming a radical on the heme (5) . Substrate oxidation is operationally divided into "catalatic" activity when Q is an oxygen atom and "peroxidatic" activity when Q is one of the other groups listed above. Reaction 3 can also proceed, albeit more slowly, in the presence of one-electron donors via steps involving the one-oxidation equivalent, compound II and, in the presence of H202, via the three-oxidation equivalent, compound III (6) . Compounds II and III are enzyme-peroxide derivatives with formal oxidation states Fe(IV) and Fe(VI), respectively (3).
The proximal fifth ligand of the heme has been postulated as a carboxyl group (7, 8) , tyrosine (9), histidine (10), or as being nonnitrogenous (11) . The identity of the sixth ligand has been suggested to be a hydroxide ion (12, 13) , a water molecule (8, 9, 14) , or a protein group (8, 15) .
Beef liver catalase contains four identical subunits (16) , each of Mr 57,000 and equipped with a high-spin Fe(III)-protoporphyrin-IX (17) (18) (19) . However, approximately two of the four heme groups are degraded to a high-spin Fe(III)-biliverdin complex (20, 21 Catalase was one of the first enzymes to be crystallized (20) . Electron microscopy (23, 24) , electron diffraction (25) (26) (27) , and low angle x-ray scattering (28) all show a slightly ellipsoidal molecule with an average radius of 40 A. Single-crystal forms of catalase reported to date (29) (30) (31) (32) (33) (34) (35) (36) (37) contain one or more molecules per asymmetric unit except for bacterial catalase (35) , the catalase ofPenicillium vitale (36) , and a trigonal form ofbeefliver catalase (37) , all ofwhich incorporate one crystallographic 2-fold axis in the molecule. We describe here the preliminary results of a high-resolution structure determination of the beef liver catalase crystals reported by Eventoff et al. (37) . Comparison with the high-resolution results for P. vitale catalase (38) is not yet possible but will undoubtedly be of considerable interest.
MATERIALS AND METHODS
Beef liver catalase was purified by a method similar to that of Sumner Crystallography. The crystals were trigonal with a = 142.0 A and c = 103.7 A and belonged to space group P3221 with respect to a right-handed axial system. This space group contains six asymmetric units. As there are three molecules in the unit cell, each molecule had to be positioned on a crystallographic twofold axis. The tetrameric molecule must, therefore, have at least a twofold axis and probably has 222 symmetry, as was verified later. X-ray diffraction data were recorded on either Ilford G or Kodak Medical No-screen x-ray film using the oscillation technique (40) . The rotation cameras were built by Enraf Nonius and the x-rays were Ni-filtered CuKa radiation produced by an Elliott rotating anode generator with a 100 Am focal cup.
Crystals were positioned 75 mm from the film and mounted with either the a* or the c* axis parallel to the camera's spindle.
It was necessary to cover a rotation of 900 or 30°about the spindle axis, respectively, to collect a complete data set. Crystals were oscillated through an angle of 1.50 and individual oscillation ranges were overlapped by 0.3°. Intensities were measured and scaled with the methods described by Rossmann (41) and Rossmann et aL (42) . Data were processed to 2.5 A resolution for the native and three heavy-atom derivatives but only to 2.8 A resolution for the HgCl2 derivative. Residual agreement between intensities on different films after scaling varied from 8.6% to 10.4% for the data sets. The heavy atom compounds used were sodium mersalyl, K2PtCl4, dihydroxy mercury acetate, and HgCl2.
Structure Determination. The orientation of the molecule about the crystallographic twofold axis was determined by use of the rotation function (43) . The results showed that one of the molecular axes was inclined at an angle of -13.5°with respect to the crystallographic c axis. This information was used in a vector search (44) procedure to locate two major heavy atom sites, A and B, and the molecular center (0,SY,5/6). The latter was determined to be at Sy = 0.65 and is therefore within the limits of0.56 < Sy -0.72 estimated by Eventoffet al. (37) . The presence oftwo major heavy atom sites, susceptible to mercurial substitution, is consistent with two highly reactive sulfhydryl groups per subunit in beef liver catalase (45) . The sites in the various compounds were checked with difference maps based on phase calculations in which each heavy atom site was omitted in turn. These experiments also permitted the detection of the minor sites C, D, E, and F. The heavy atom parameters were refined with the usual least-squares procedure. The overall value was 0.61 for 30,298 reflections, representing 90% of the total observable data within 2.5 A resolution. Analysis of the heavy atom sites showed an rms difference of 0.49 Abetween pairs related by the noncrystallographic twofold R axis.
Phases were determined to 2.5 A resolution and used to calculate a multiple isomorphous replacement map. The electron density was used to determine the molecular orientation angle, 4, and position, Sy to greater accuracy. The best values were found to be 4 = -13.5°and Sy = 0.6521. The relationship between the crystallographic fractional coordinates x, y, and z and the orthogonal axes P, Q, and R along the molecular twofold axes can then be written as The multiple isomorphous replacement map was averaged (46, 47) between the two noncrystallographically related subunits. The molecular envelope was then defined and used for a further 10 cycles of molecular replacement (48) . The final electron density map was displayed in a Richards optical comparator (49) with sections cut perpendicular to the molecular P axis at intervals of 0.75 A. a-Helix and B-sheet regions were well defined and side chains were easily recognizable, permitting a polypeptide chain tracing consistent with the amino acid sequence (22) . A detailed description of the structure will be published elsewhere (50) .
RESULTS
The Polypeptide Fold. The molecule is dumbbell shaped (Fig. 1 ) with a length of 90 A and a waist of 50 A diameter. This is in good agreement with unpublished results of Rossmann (1961) , who analyzed the structure amplitudes of disordered horse erythrocyte catalase (29) .
The heme group could be recognized as a large flattened density having a maximum 38% higher than the next highest protein peak. The shape of this density (Fig. 2) the direction cosines of -0.321, -0.718, and 0.617 with respect to the molecular P, Q, and R axes. The heme is well buried, 20 A below the molecular surface at a distance of only 23 A from the molecular center. This is particularly fascinating in light of the large turnover number of 100,000 per sec per active center, making catalase one of the few enzymes whose reaction rate approaches the limit set by substrate diffusion (51) . The buried nature of the heme is, however, consistent with the unsuccessful attempts to replace the heme in catalase (19) and the pH of 2.4 required to completely extract the heme (52). This contrasts to most other known heme proteins. The NH2-terminal 70 residues form an arm that extends from the globular region of one subunit. A helical part of this arm is situated parallel to the helix containing the essential tyrosine-357 of the R-axis-related subunit. The hydrophobic residues methionine-60 and phenylalanine-63 on this helical extension line the heme pocket of the neighboring subunit. This gives structural understanding to the biosynthesis of catalase, which requires the association of heme groups with apo-monomers before assembly into tetramers (53) . The intricate weave of the arm with other subunits and the activity ofthe crystals show that the active molecule must be a tetramer (54) . An NH2-terminal arm also occurs in lactate dehydrogenase (55) and in some spherical viruses (56, 57) , where it is similarly involved in subunit interactions.
Amino acid residues 70-440 (22) form a large antiparallel 13-pleated sheet of eight strands with a curled-over edge and helical insertions between the strands. The heme group abuts onto one side of this B-barrel.
The remaining part of the structure consists of a four-helical region. Unlike the structure for P. vitale catalase (38) , there is no additional "flavodoxin"-like domain at the COOH end ofthe chain. However, beef liver catalase has 108 fewer residues than the fungal catalase. The electron density within the helical region is weaker and more diffuse than that in other parts ofthe molecule. The tracing of the polypeptide chain (Fig. 3) is, as far as can be seen from the available diagrams, consistent with the larger domain of P. vitale catalase (38) .
The Heme Environment. There is one major channel through which the substrate must diffuse to the active center. The channel is 30 A long, with a maximum width of 15 A at its mouth, and opens toward the molecular R axis in the restricted waist of the molecule. The hydrophilic residues aspartate-127, glutamine-167, and lysine-172 are located at the channel entrance. Hydrophobic residues (valines-73 and -115; alanine-116; glycine-117; proline-128; phenylalanines-152, -153, -160, and -163; isoleucine-164; and leucine-198) line the channel. These steric constraints are undoubtedly reflected in the reduction of the rate of formation of compound I by about an order of magnitude for every additional carbon in the R group (Eq. 2) (3) which led Chance (58) to conclude that the heme was buried.
Histidine-74 can be modified by 3-amino-1,2,4-triazole, which irreversibly inhibits the enzyme (59) . The imidazole ring of histidine-74 is well defined, almost parallel to the heme 1.5 A from the heme iron. The three-dimensional heme environment is shown in Fig. 4 .
The occurrence of a tyrosine group as proximal heme ligand has not been found in other heme proteins with known tertiary structure except for some mutant hemoglobins (61, 62) . Nevertheless, Yonetani and Yamamoto (11) have suggested a nonnitrogenous ligand while Nicholls (9) has indeed suggested a tyrosine as the fifth ligand on the basis of spectroscopic comparison with other heme proteins. The proximity of arginine-353 (-3 A) to the phenolic oxygen of tyrosine-357 suggests that this oxygen may well be deprotonated. This phenolate group will tend to stabilize the heme iron in the ferric state, making the formation ofan 02 complex with Fe(II)-catalase less likely (61, 62) . In addition, anionic ligands, such as the phenolate group (63), increase the rate ofheme autoxidation. The special environment of the heme Fe provided by the L5 tyrosine is consistent with visible and EPR spectra (18) .
Model building (Fig. 5) shows that the aminotriazole adduct of histidine-74 can be built into the active center pocket after a slight rotation of the imidazole ring about the C a-C. bond.
Irrespective of whether the N.; (60) or the N6 atom is the point of covalent attachment to the C(5) position ofthe aminotriazole, the N(2) atom can occupy the sixth coordination position of the heme iron. Thus, when the aminotriazole is bound, no further substitution is possible at the heme or the histidine, resulting in enzyme inhibition. This model of catalase inhibition by aminotriazole-related compounds is consistent with the observations of Margoliash et at (59) that (i) the ring system of the aminotriazole and its analogues is not essential, (ii) the primary amino group attached to C(3) of the aminotriazole must be unsubstituted (because of steric hindrance with the heme), and (iii) an N atom at position 2 of the aminotriazole is essential.
A hydroperoxide coordinated to the iron would be in a suitable orientation, consistent with peroxide oxygen geometry (64) , to associate with histidine-74. Model building shows that such a complex might be formed without changing the position ofthe imidazole group, as found in the apoenzyme. This reactive species will then oxidize a substrate as indicated in reaction 3.
CONCLUSION
It is not our purpose here to propose a complete description of the mechanism of catalase action. However, it is possible to provide a structural framework. The preference for small substrates is the result of steric hindrance within the channels leading to the buried heme groups. The heme reactivity is enhanced by the phenolate ligand in the fifth position, which may help the oxidation of Fe(III) to Fe(IV) and the removal of an electron from the heme during the formation of compound I. Both the addition of the oxidant to create compound I and the addition of the subsequent reductant probably involve heme iron adducts containing two atoms. The constraints on peroxidatic activity differ remarkably from those observed in cytochrome c peroxidase (65) , in which the proximal ligand is a histidine and the aquo ligand can hydrogen bond to another histidine. Although metmyoglobin and methemoglobin have some ability to catalyze the conversion of H202 to H20 and 02 (66) , the heme environment in these proteins also differs from that of catalase. The far greater efficiency of catalase may in part be due to the interaction ofhistidine-74 and asparagine-147 with intermediates. 
